The bacterial protein disulfide isomerase DsbC is a homodimeric V-shaped enzyme that consists of a dimerization domain, two α-helical linkers and two opposing thioredoxin fold catalytic domains. The functional significance of the two catalytic domains of DsbC is not well understood yet. We have engineered heterodimer-like DsbC derivatives covalently linked via (Gly 3 Ser) flexible linkers. We either inactivated one of the catalytic sites (CGYC), or entirely removed one of the catalytic domains while maintaining the putative binding area intact. Variants having a single active catalytic site display significant levels of isomerase activity. Furthermore, mDsbC[H45D]-dim[D53H], a DsbC variant lacking an entire catalytic domain but with an intact dimerization domain, also showed isomerase activity, albeit at lower levels. In addition, the absence of the catalytic domain allowed this protein to catalyze in vivo oxidation. Our results reveal that the two catalytic domains in DsbC are not essential for disulfide bond isomerization, and that a determining feature in isomerization is the availability of a substrate binding domain.
Disulfide bonds are critical for the proper folding and structural stability of many exocytoplasmic proteins. The Dsb family of thiol:disulfide oxidoreductase enzymes catalyzes oxidative protein folding in the periplasm of Escherichia coli by means of two independent pathways (1) (2) (3) . In the DsbA-DsbB oxidation pathway, DsbA, a very strong oxidant, catalyzes the formation of disulfide bonds on newly translocated proteins (4) . The DsbA disulfide is rapidly recycled by DsbB, a membrane protein that transfers electrons from DsbA onto quinones (5) (6) (7) . In the DsbC-DsbD isomerization pathway, non-native disulfides are reduced or rearranged by DsbC. DsbC is maintained in a reduced, catalytically-active state, via the transfer of electrons from the inner membrane protein DsbD that in turn accepts electrons from Thioredoxin 1 and, ultimately from NADPH (via thioredoxin reductase) within the cytoplasm (8, 9) . Large kinetic barriers keep the oxidation and isomerization pathways isolated, preventing the establishment of a futile cycle of electron transfer. Accordingly, reactions between enzymes of the two pathways, for example the oxidation of DsbC by DsbB or the reduction of DsbA by DsbD, are 10 3 to 10 7 fold slower than the physiologically relevant DsbA-DsbB and DsbC-DsbD reactions (10) . Nonetheless, the kinetic barrier between DsbB and DsbC can be breached by introducing mutations that result in structural changes in DsbC (11, 12) .
DsbC is a homodimer with each monomer comprising an N-terminal dimerization domain and a C-terminal thioredoxin-like catalytic domain fused by an α-helical linker. The crystal structure of DsbC reveals that the two monomers come together to form a V-shaped protein. The inner surface of the resulting cleft is patched with uncharged and hydrophobic residues suggesting an important role in the binding of substrate proteins. The active sites comprising the sequence C98-G99-Y100-C101 in each of the monomeric subunits are located in the arms of the "V" facing each other (13) . Isomerization involves an attack onto a substrate disulfide by C98 resulting in the formation of a mixed disulfide, which then is resolved by either another cysteine from the substrate or by C101 from DsbC (14, 15) . Besides its isomerase activity, DsbC is also known to display chaperone activity preventing protein aggregation during refolding (16) . In E. coli, disulfide bond isomerization is the limiting step in the oxidative folding of many heterologous proteins that contain multiple cysteines. Overexpression of DsbC has been shown to enhance the yield of proteins such as human nerve growth factor, human tissue plasminogen activator (tPA) † and immunoglobulins (17) (18) (19) . DsbC is topologically analogous to the eukaryotic protein disulfide isomerase (PDI). The structural similarities between the two enzymes may have resulted from convergent evolution by thioredoxin-like domain replication in the case of PDI and domain recruitment in DsbC (20, 21) . PDI comprises two thioredoxin-like catalytic domains (a and a') separated by two non-catalytic domains (b and b'), in addition to a c domain (22) . In PDI, the catalytic domains are different and functionally nonequivalent (23) . Substrate binding is mediated primarily by the b' domain; the two catalytic domains, a and a', can catalyze oxidation of small model peptides indicating that they must also have low substrate binding affinity (24) .
The DsbC monomer is essentially devoid of RNAse A isomerase activity (25) . Sun et al. (2000) reported that DsbC with one catalytic site impaired by carboxymethylation is also essentially inactive but, in separate studies, Zapun et al. (1995) did not detect cooperativity between the two catalytic sites indicating that they function independently of each other (26) . Moreover, unlike PDI, the significance of the putative peptide binding cleft of DsbC on disulfide isomerization has not been ascertained. However, while DsbA or TrxA with a PDI active site dipeptide (CGHC) display very little isomerase activity in vitro and in vivo (27) (28) (29) , we recently showed that upon fusion to a dimerization region that provides a putative substrate binding surface (the E. coli peptidyl proline isomerase FkpA) they acquire the ability to assist the folding of periplasmically expressed multi-disulfide heterologous proteins (30) .
In the present work we engineered heterodimer-like covalently linked DsbC derivatives in which one of the catalytic sites has been inactivated (Fig 1A) , or one of the catalytic domains has been entirely removed while maintaining the intact peptide binding cleft (which is normally formed by association of the Nterminal domains of the two monomers) (Fig 3A) . We show that DsbC forced-monomers with one functional active site, or with one thioredoxin domain only, display significant isomerization activity. Interestingly, the latter variant is partially reduced in vivo indicating that the presence of both thioredoxin domains is important for the avoidance of protein oxidation by DsbB.
EXPERIMENTAL PROCEDURES
Strains and Plasmids -The bacterial strains and plasmids used in this study are listed in table S1A published as supplemental material. Genes encoding DsbC fusions containing a (GGGS) 3 GSA or (GGGS) 7 SA linker peptide were assembled by amplifying the individual monomer genes via PCR using the primers shown in table S1B, digesting with XbaI-PvuII or PvuII-HindIII, and ligating into pBAD30. The complete fusion genes were then digested with XbaI and HindIII, and cloned either into pBAD33 (31) , for in vivo testing, or into pET28(a) for protein purification purposes.
In Vivo Disulfide Bond Formation and
Isomerization -E. coli PB351 (SF100 ΔdegP ΔdsbC) and PB403 (SF100 ΔdegP dsbA::kan)
were co-transformed with pBAD33 plasmids encoding the DsbC or mDsbC-mDsbC variants, and with pTrcStIIvtPA, a derivative of pTrc99A encoding the tPA (Δ6-175) gene fused to the StII signal peptide (32) . SF100 ΔdegP ΔdsbC cells were grown in LB medium and SF100 ΔdegP dsbA::kan cells in minimal medium (M9 salts, 0.1% casein amino acids, 2mM MgSO 4 , 5 μg/ml thiamine, 0.4% glycerol with 50 μg/ml of kanamycin) supplemented with 25 μg/ml of chloramphenicol and 100 μg/ml of ampicillin at 37 ºC. Induction of protein synthesis, cell harvesting and assays for tPA activity were performed as described earlier (29) . For the evaluation of in vivo oxidase activity of DsbC and its variants, E. coli LM106 (MC1000 dsbA::kan) and LM102 (MC1000 dsbB::kan) were transformed with the appropriate pBAD33 derivatives, grown in LB medium with 50 μg/ml of kanamycin and 25 μg/ml of chloramphenicol, and subcultured 1:50 in low phosphate minimal medium (MOPS salts, 0.2% glycerol, 0.2% casein amino acids, and 0.5 μg/ml thiamine, with 50 μg/ml of kanamycin and 25 μg/ml of chloramphenicol). When cultures reached an A 600 of 0.4-0. 5 coli SF100 ΔdegP ΔdsbC harboring the appropriate pBAD33 derivatives were diluted 1:100 in LB medium containing 25 μg/ml of chloramphenicol and grown to A 600 ~0.6-0.7, then expression was induced by adding arabinose to a final concentration of 0.0002%. 2 hours after induction, a culture aliquot with an A 600 equivalent to 1.0 was collected and mixed with an equal volume of 20% trichloroacetic acid (TCA) to simultaneously quench disulfide exchange and precipitate the proteins in the sample (33) . 15mM 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid, disodium salt (AMS) was added and after a 45 minute incubation at room temperature, proteins were pelleted and then solubilized in 75 μl of Laemmli 1X buffer without reducing agents (34) . A reduced protein standard was prepared by first incubating 0.02 mg of purified protein with 100mM DTT for 1 hr followed by filtration through Sephadex G-25 for DTT removal and by TCA precipitation, AMS treatment, and solubilization, as above. Oxidized purified protein standards were generated by the same procedure except that incubation with DTT and AMS were omitted. The reduced and oxidized protein bands were resolved by SDS-PAGE electrophoresis on a 12% gel and protein bands detected by Western blotting with an anti-histidine antibody (Sigma, Israel) at 1:20,000 dilution. Expression, Purification, and Biochemical Assays -For the purification of the DsbC and mDsbC-mDsbC proteins, pET28(a) plasmids encoding the appropriate genes were transformed into E. coli BL21(DE3). Protein expression and purification was performed as previously described (29) . All proteins used in this study were more than 95% pure as judged by Coomassie stained SDS-PAGE electrophoresis. The kinetics of insulin reduction and the renaturation of reduced, denatured RNase A, were determined according to published procedures (35) (36) (37) . Light Scattering -Multi-angle light scattering (MALS) experiments were performed as previously described (38) with the following modifications: the buffer was 1X PBS (137 mM NaCl, 2.7 mM KCl, 12 mM Na 2 HPO 4 , 1.2 mM KH 2 PO 4 , pH 7.4); the protein concentration was ~ 0.26 mM; the EOS photometer wavelength was 690 nm; a Wyatt model Optilab rEX differential refractometer followed the light scattering photometer in series; a TSK-GEL G3000PWXL size-exclusion column (TosoHaas, 300 x 7.8 mm) at a flow-rate of 0.4 ml/min was used; bovine serum albumin (Sigma A 1900) at 2.5 mg/ml was used for normalization of the light scattering detectors of the EOS. Dynamic light scattering: Channel #13 of the EOS photometer together with a Wyatt QELS quasi-elastic light scattering instrument measured the diffusion coefficient from which the hydrodynamic radius of the protein was calculated. The data were analyzed with Astra software version 4.90.08 supplied by Wyatt.
RESULTS

Construction of a linked monomeric DsbC:
A covalently linked DsbC was constructed by creating a gene fusion consisting of a dsbC gene in frame with a sequence encoding a 15aa Gly-Ser linker and a second dsbC gene. Gly-rich linkers have been used to join the two subunits of homodimeric proteins into a single polypeptide without disrupting activity (39) (40) (41) (42) . In the DsbC crystal structure, the distance between the Cterminus of one subunit and the N-terminus of the second subunit is approximately 36 Å (13). To avoid introducing strain in the DsbC-DsbC fusion we employed a (Gly 3 Ser) 3 GlySerAla linker estimated to span 57 Å in its extended conformation based on the theoretical 3.8 Å per residue planar length. The resulting fusion protein was designated mDsbC-mDsbC ( Fig 1A) . The covalently linked DsbC was secreted into the periplasmic space via the DsbC signal peptide and purified by metal affinity chromatography. Gel filtration FPLC revealed that mDsbC-mDsbC elutes as a single peak with a retention time identical to that of DsbC (Fig 1B) . mDsbC-mDsbC exhibited slightly lower activity in the oxidative refolding of reduced RNAse A and in the reduction of insulin (84% and 78%, respectively) relative to wt DsbC; however these differences in activity were not statistically significant. The in vivo disulfide isomerase activity of mDsbCmDsbC in the E. coli periplasm was evaluated by determining the yield of correctly folded and active vtPA secreted via the StII signal peptide (29) . vtPA is a truncated version of human tissue plasminogen activator (tPA) containing 9 disulfide bonds. Correct folding of tPA in the periplasmic space is entirely dependent upon disulfide bond isomerization and requires co-expression of DsbC (18) . E. coli ΔdegP ΔdsbC cells containing plasmids encoding vtPA and the DsbC variant, transcribed from the pTrc and the arabinose promoters respectively, were grown in LB medium and protein synthesis was induced by IPTG and arabinose. Western blot analysis revealed that mDsbC-mDsbC and DsbC were expressed at the same level in E. coli (Fig S1) . The vtPA activity obtained by co-expressing mDsbCmDsbC was essentially identical to that observed with wild type DsbC expressed from the same promoter indicating that the two proteins have identical activity in vivo (Fig 2A) .
Earlier we had shown that the orientation of the thioredoxin catalytic domains relative to each other in the DsbC homodimer is critical for avoiding misoxidation by DsbB. Single amino acid deletions in the α-helical linker that joins the catalytic and the dimerization domains render the protein susceptible to oxidation by DsbB. In turn, oxidized DsbC accumulates in the periplasm where it catalyzes the formation of disulfide bonds in substrate proteins and thus can partially complement dsbA mutants (12) . We evaluated whether the covalent linkage of two DsbC monomers might have perturbed the tertiary structure of the molecule to make it susceptible to oxidation. Alkaline phosphatase (PhoA) contains two disulfide bonds that are essential for activity (43) ; in MC1000 dsbA cells grown in low phosphate media, the PhoA level is about 3% of that observed in the wt cells (Fig 2B) . While overexpression of wt DsbC does not restore PhoA activity, the expression of DsbC variants with a perturbed tertiary structure results in PhoA levels >30% of those in wt cells (12) . In contrast, expression of mDsbC-mDsbC conferred only background levels of PhoA activity. In addition, and unlike the DsbC variants that are susceptible to oxidation, mDsbC-mDsbC was unable to catalyze the in vivo folding of vtPA in a dsbA background.
We also determined the in vivo redox state of the covalently linked DsbC. Briefly, cells were grown in LB media, proteins were precipitated with TCA to prevent thiol:disulfide rearrangements, and the TCA pellets were treated with 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid, disodium salt (AMS). AMS reacts with free thiols increasing the molecular mass by 490 Daltons per thiol. When purified DsbC is pretreated with DTT, the thiols of the four disulfideforming cysteines in each subunit react with AMS increasing the M.W. by ~2 kDa per monomer. In vivo, however, the thiolates involved in the structural disulfide of DsbC are not accessible, and the protein is therefore found in a partially reduced state in which only the catalytic cysteine thiols have been modified by AMS increasing the M.W. by ~ 1 kDa per monomer (9, 34) . Comparison of the electrophoretic mobility of the in vitro generated standards with the in vivo samples of DsbC and mDsbC-mDsbC revealed that both proteins are found exclusively in the reduced state (Fig S4) . Collectively, these results demonstrate that the covalent linkage of two DsbC subunits via the 15mer flexible linker has no effect on the structure of the enzyme and its ability to resist oxidation by DsbB (Fig 2B) .
Effect of Alanine Substitutions in One Catalytic
Active Site -In earlier studies, Sun et al. (2000) reported that an in vitro prepared heterodimer of DsbC consisting of a wt subunit and a carboxymethylated subunit, is devoid of isomerase activity suggesting that both active sites in the DsbC homodimer are required for the catalysis of disulfide bond isomerization (1, 15, 44) . We employed covalently linked DsbC fusions to examine this hypothesis. The Cys residues in one of the two active sites of mDsbC-mDsbC were substituted by Ala to give rise to mDsbCmDsbC[C98A], mDsbC-mDsbC[C98A/C101A] and mDsbC-mDsbC[C101A] (Fig 1A) . All the mDsbC-mDsbC mutants eluted as single peaks with a retention time corresponding to an apparent molecular weight of 39 kDa that was identical to those of the wild type DsbC and the catalytic-site mutants (Fig 1B and unpublished data) μM/min/μM enzyme. However, a more significant decrease (61%) was observed in the insulin reduction activity ( Table 1 ). Mutation of both the C98 and C101 residues of one of the two active sites in mDsbC-mDsbC resulted in a slight further reduction in the isomerase activity relative to mDsbC-mDsbC[C98A] but had no additional effect on the disulfide reductase rate. For comparison, we also purified and characterized DsbC[C98A] and DsbC[C98A/C101A]. As expected, the substitution of C98 or both Cys in the DsbC homodimer completely abolished the isomerase and the insulin reductase activities ((45); Table 1 ).
Consistent with the observation that a linked DsbC fusion having only one nucleophilic cysteine exhibits disulfide isomerase activity in vitro, the co-expression of mDsbC-mDsbC[C98A] or mDsbC-mDsbC[C98A/C101A] resulted in a vtPA yield that was 80% of the value obtained by expressing wt DsbC or mDsbC-mDsbC (Fig 2A) . In contrast, neither DsbC[C98A] nor DsbC[C98A/C101A] was able to catalyze the formation of active vtPA. Substitution of the resolving cysteine C101A alone decreased disulfide isomerization in vivo to 20% but had no effect on either isomerase or reductase activity in vitro (Fig 2A and Table 1 ). None of the active-site mutations in mDsbC-mDsbC compromised its ability to resist oxidation by DsbB, as evidenced by the finding that the proteins are present solely in the reduced state in vivo and also by their inability to catalyze the formation of active PhoA in a dsbA strain background (Fig S4 and 2B) . A Linked DsbC with a Single Active Thioredoxin Domain -The finding that the mutational inactivation of one of the two catalytic sites in DsbC results only in a mild reduction in the disulfide isomerase activity, suggests that enzymes in which one of the two thioredoxin subdomains had been deleted in its entirety might be similarly active. To test this hypothesis, we fused a full-length DsbC monomer to a DsbC Nterminal dimerization domain (aa 1-64) using the (Gly 3 Ser) 3 GlySerAla linker described above. The resulting molecule was designated mDsbC-dim and is shown schematically in Fig 3A. mDsbCdim expressed at a level comparable to DsbC ( Fig  S1) . Size exclusion FPLC on a Superdex™200 column revealed that the purified protein elutes as several peaks (Fig 3B) . One peak with an apparent molecular weight of 22 kDa corresponded to the M.W. of a monomeric species and accounted for approximately 60% of the A 280 . Additionally, a second peak that eluted as a 58 kDa protein was observed, as was a third peak corresponding to an even higher M.W. species. The 22 kDa and 58 kDa species were isolated. Upon further incubation, the 58 kDa species gave rise to an elution profile similar to that of the starting material, whereas the 22 kDa species continued to elute as a single peak even after incubation at 4 ºC for >1 week (Fig S2) . This suggests that the purified protein exists as a mixture of dimers and H.M.W. multimers that convert slowly to the monomeric form under the conditions tested. The oligomeric state of mDsbC-dim was further confirmed by multi-angle light scattering experiments (Fig 3C) in which three species with molar masses of ~32.5, ~75.4 and ~127 kDa were identified, indicating the presence of monomers, dimers and tetramers respectively. Dynamic light scattering showed a hydrodynamic radius (r H ) increase from 2.8 nm for the monomer to 3.8 nm for the dimer, consistent with the radius increase of a sphere as the volume is doubled. The value of r H for the tetramer was 4.4 nm which would be expected for a sphere of r H = 2.8 increasing fourfold in volume, suggesting that the tetramer is compact and not a linear polymer of monomers. Monomeric molar masses were determined from the right half of the elution peak, thus avoiding the effect of larger complexes (46) .
It has been established that in scFv antibodies, which comprise V H and V L immunoglobulin domains joined via a (Gly 4 Ser) n repeat linker, the linker length plays an important role in dictating the monomer:multimer equilibrium. Linkers with more than 12 residues have been reported to strongly favor the monomeric state (47) (48) (49) . To examine the role of the linker length on dimerization we constructed mDsbC-dim proteins having longer (Gly 3 Ser) repeat linkers corresponding to 17, 19 or 30 aa.
However, the respective proteins also eluted as a mixture of monomers and H.M.W. species, although the fusion with the 30-amino-acid linker displayed a higher monomer to multimer ratio ( Fig  S3) .
Earlier, Bader et al. (2001) reported that a His45Asp substitution disrupts dimerization due to the interruption of a salt bridge that forms between His45 and Asp53. The monomeric DsbC[H45D] is susceptible to oxidation by DsbB and capable of complementing dsbA null mutants in vivo. We hypothesized that the His45Asp substitution in mDsbC-dim might prevent intermolecular dimerization. However, this could also disrupt the intramolecular association of the N-terminal regions and the formation of the peptide binding cleft. We reasoned that to prevent the oligomerization of mDsbC-dim it was necessary to weaken, but not completely disrupt, the interaction of the N-terminal regions; because the two Nterminal halves are covalently joined by the linker, their high effective concentration should overcome the loss of binding energy due to such mutations. To test this hypothesis we constructed and characterized a number of variants containing amino acid substitutions at the DsbC dimerization interface.
One (Fig 4B) . Further analysis by multi-angle light scattering (Fig 4C) (Fig 5A) . Given the absence of one thioredoxin domain, it was not surprising to find that unlike DsbC, mDsbC[H45D]-dim[D53H] was able to mediate protein oxidation and catalyzed the correct folding of vtPA in a dsbA background at a 40% level (Fig  5A) , suggesting that in vivo this enzyme exhibits dual oxidase and isomerase activity. Disulfide bond formation in vivo was further confirmed by the partial restoration of PhoA activity; this activity was dependent upon the presence of DsbB (Fig 5B) . Consistent with its dual oxidase and isomerase activities, mDsbC[H45D]-dim[D53H] was found to exist as a mixture of reduced and oxidized species at a ~75:25 ratio in the periplasm of E. coli (Fig S4) .
DISCUSSION
Here we report the construction and characterization of covalently linked derivatives of DsbC joined via (Gly 3 Ser) repeat flexible linkers. Linking the two monomers of DsbC via a sufficiently long linker resulted in an enzyme that displayed essentially identical catalytic and biochemical properties to the authentic dimeric DsbC. We showed that linked enzymes in which one or both of the active site Cys had been replaced with Ala exhibited significant isomerase activity. Similar to DsbC, the mDsbCmDsbC[C98A], mDsbC-mDsbC[C98A/C101A] and mDsbC-mDsbC[C101A] variants were completely reduced in vivo and did not support the oxidation of PhoA in a dsbA background. In contrast, and consistent with earlier findings, substitution of the two N-terminal C98, or of both C98 and C101 in DsbC, completely eliminated isomerase activity; whereas replacing the resolving cysteine, C101, on both active sites affected this activity only partially ((9,26,45); Fig  2 and Table 1 ). Earlier, Sun et al. (2000) sought to characterize the enzymatic properties of chimeric DsbC formed by mixing active and carboxymethylated monomers. Analysis of the in vitro reconstituted DsbC hybrid mixture led to speculation that both active sites are required for isomerization (1, 44) . Our findings now reveal that the two catalytic sites of DsbC catalyze disulfide bond isomerization in RNAse A independently of each other. Thus, mDsbC-mDsbC[C98A] and mDsbC-mDsbC[C98A/C101A] display half the activity of wt DsbC or of (mDsbC-mDsbC) simply because at the same molar concentration the latter enzyme contains two active sites. These results are consistent with the observation that substituting the N-terminal cysteine or both cysteines in either one of the two PDI catalytic sites leads to partial isomerase activity at varying degrees (21, 23, 50, 51) .
The high level of in vitro isomerase activity displayed by mutants in which the resolving cysteine C101 had been replaced with Ala (DsbC[C101A] and mDsbC-mDsbC[C101A]) indicates that mixed disulfides with RNAse A can be resolved efficiently via the attack of another cysteine in the substrate. Alternatively, isomerization may involve the formation of mixed disulfides with glutathione, which is present in the assay buffer. In contrast, the resolving cysteine, C101, has to participate in disulfide reduction and therefore the finding that DsbC[C101A] and mDsbC-mDsbC [C101A] display high insulin reduction activity was unexpected. However this data is consistent with earlier findings that a DsbC variant with C101A and also C163A, the cysteine that normally forms the intramolecular bond of DsbC, exhibits 30% activity in this assay (45 The cleft forming upon interaction of the N-terminal dimerization domains of DsbC monomers, lined with uncharged and hydrophobic residues, is considered to be involved in the noncovalent binding of substrate proteins (13, 44) . Previous studies reporting that the DsbC dimerization domain folds into its native conformation independent of the presence of the catalytic domain (52) Table 1 ; unpublished data). This data is in agreement with the published studies on PDI reporting that the minimal structure for simple disulfide isomerization includes one catalytic domain (a or a') in combination with the noncatalytic b' domain, the latter identified as the primary substrate binding site (22, 24) .
The emergence of DsbB-dependent oxidase activity in mDsbC[H45D]-dim[D53H] which is structurally equivalent to DsbC lacking one thioredoxin domain, support the steric incompatibility model proposed by Inaba et al. 2006 , wherein interaction of DsbC with DsbB would result in its second thioredoxin domain clashing onto the membrane (53) , and the experimental evidence showing that monomeric DsbC and α-helix deletion mutants of DsbC with re-oriented catalytic domains are able to catalyze DsbB-dependent oxidation (11, 12) .
In summary, through the engineering of heterodimer-like mutants of DsbC we have demonstrated that only a single catalytic site or domain is essential for catalysis of isomerization in bacteria. In addition, we propose that the determining factor that converts the association of thioredoxin-fold-containing monomers from a mere pair of oxidoreductases in close proximity into an efficient isomerase is the emergence of a substrate binding region, only present when both N-terminal domains interact. We have also provided further experimental support to the notion that the kinetic barrier separating both pathways in bacteria derives from steric complications that dissipate with structural modifications. These findings contribute to understanding the role that dimerization plays in the catalysis of isomerization, highlight the indispensable features of DsbC, and expand the basis for the engineering of DsbC into a more PDI-like protein capable of catalyzing the oxidative folding of heterologous proteins in the bacterial periplasm in a highly efficient manner.
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